We have previously shown that maternal intake of essential fatty acids during late gestation and lactation affects the level of serum leptin in pups. The aim of the present study was to investigate the effect of dietary essential fatty acids on leptin content in the milk of rat dams and leptin expression in white adipose tissue of pups during the suckling period. During late gestation and throughout lactation, rats were fed a control or an essential fatty acid-deficient (EFAD) diet. Milk of the EFAD dams contained more saturated and less polyunsaturated fatty acids compared with the control dams. Milk leptin levels were higher in the EFAD dams than in the control dams at 3 wk of lactation. The weight of inguinal white adipose tissue depots and the serum leptin levels of the EFAD pups were significantly lower than in the control pups during the whole suckling period. In addition, semiquantitative reverse transcriptase-PCR analysis of leptin mRNA levels in inguinal white adipose tissue showed a reduction in the EFAD pups compared with the control pups at 3 wk of age. We conclude that maternal dietary essential fatty acid intake affects serum leptin levels in pups by regulating both the amount of adipose tissue and the leptin mRNA expression. Nutritional factors during fetal life and infancy have longterm effects on the future health of animals and humans (1). Reduced growth in early life, a potential marker of nutritional status, is a risk factor for adult asthma (2), impaired glucose tolerance, type 2 diabetes, and high blood pressure (3). A mild deficiency of dietary EFA may be one of the causes for low birth weight of newborns (4). Deficiency of EFA has been observed in parenterally fed preterm infants (5) and in infants born after multiple pregnancies (6). Dietary deficiency of EFA in early life may have long-term effects on the development of the neonates via substrate availability or hormone-associated mechanisms.
Nutritional factors during fetal life and infancy have longterm effects on the future health of animals and humans (1) . Reduced growth in early life, a potential marker of nutritional status, is a risk factor for adult asthma (2) , impaired glucose tolerance, type 2 diabetes, and high blood pressure (3) . A mild deficiency of dietary EFA may be one of the causes for low birth weight of newborns (4) . Deficiency of EFA has been observed in parenterally fed preterm infants (5) and in infants born after multiple pregnancies (6) . Dietary deficiency of EFA in early life may have long-term effects on the development of the neonates via substrate availability or hormone-associated mechanisms.
It is known that the ob gene product leptin is expressed early in postnatal life in humans and rats (7, 8) . In addition to regulation of food intake and energy expenditure, leptin is involved in a variety of physiologic processes (9) . Indication that leptin may play an important role, especially during intrauterine and neonatal development, is shown by leptin production in the placenta (10) , fetal tissues (7), mammary glands (11) , and neonatal adipose tissue (12) . Several factors regulate serum leptin levels, including hormones (9), cytokines (13) , and dietary components such as carbohydrates (14) , PUFA (15) , and micronutrients (16) . Variation in the type of diet during pregnancy and lactation might therefore significantly modulate fetal and neonatal growth and development by leptinassociated mechanisms. It has been shown that quantity and quality of the dietary fat of the mothers affect the serum leptin levels in the offspring (17, 18) . Deficiency in the intake of EFA of the mothers depresses serum leptin levels in suckling rat pups (18) . The EFA deficiency might affect adipocyte differ-standard, and the FA methyl esters were identified by comparison with retention times of pure reference substances (Sigma Aldrich Sweden AB, Stockholm, Sweden). The ratio of 20:3(n-9) to arachidonate greater than 0.4 was used as the biochemical criterion of EFA deficiency (21) .
Analysis of leptin. Leptin concentrations in serum and milk were measured by a rat leptin RIA (Linco Research Ltd., St. Charles, MO, U.S.A.). All samples were analyzed in duplicates in the same assay. The intraassay coefficient of variation at 0.25 ng/mL was 2.4%, and at 20 ng/mL, 1.6%. Milk samples were thawed at 37°C and vortexed vigorously before pipetting. The samples were diluted in assay buffer (1:2 to 1:5) before sonication (five bursts, 5 s/burst with cooling on ice between each burst, 80% power) to ensure homogeneous samples. To control for possible matrix effects in the individual milk samples, each sample was divided into three tubes, and a standard addition procedure was used by adding 1 and 1.8 ng of leptin, respectively, to the second and third tubes. The original leptin content was then calculated using linear regression. An effect of nonspecific background in the milk on leptin data was evaluated by comparing added leptin with measured leptin. There was a matrix effect in milk in both diet groups, and we therefore used the leptin values calculated from the standard addition procedure. The intraassay coefficient of variation for the analysis of leptin milk was 10.2%.
RNA extraction and analysis by RT-PCR. Total RNA was isolated from the adipose tissue of each individual rat with the . The mixture was incubated at room temperature for 10 min and at 42°C for 60 min followed by 10 min at 70°C.
Multiplex relative RT-PCR was used for the analysis of differences in mRNA abundance. The cDNA was amplified by PCR using specific primers for the rat leptin cDNA (22) . The primer pairs, 5' CCT GTG GCT TTG GTC CTA TCT G 3' (nucleotides 87-108, GenBank accession number D4582) and 5' AGG CAA GCT GGT GAG GAT CTG 3Ј (nucleotides 310 -330) generated a single 244-bp product. QuantumRNA 18S internal standard (Ambion) was used as an internal control and generated a single 489-bp product. The PCR reaction was performed in a final volume of 50 L with 2 L of cDNA product, 1ϫ PCR buffer, 2.0 mM MgCl 2 , 0.4 M each primer, 0.2 mM each dNTP, and 1.25 U AmpliTaqGold (Applied Biosystems, Foster City, CA, U.S.A.). PCR was performed using the GeneAmp PCR System 9600 and the following conditions: 94°C (12 min) for one cycle, 94°C (30 s), 60°C (30 s), 72°C (30 s) for 30 cycles, and 72°C (7 min). The negative control consisted of omission of the RT for each sample, which resulted in no bands after RT-PCR.
The PCR products were separated on 2% EtBr agarose gel and subsequently visualized and quantified using IPLab Gel Scientific Image processing (Signal Analitics, Vienna, VA, U.S.A.). The intensity obtained for leptin amplicon was related to that of 18S band in each individual sample.
Statistical analysis. Data were analyzed using MannWhitney U test and Wilcoxon signed-rank test. The EFAD-fed animals were compared with the controls at each stage of the treatment. Values are given as mean Ϯ SD if not otherwise indicated. A value of p Ͻ 0.05 was considered statistically significant.
RESULTS
FA composition of total milk lipids and serum PL. Rats fed the control diet produced milk containing 40 -50% SFA, 20% MUFA, and 30% PUFA ( Table 2 ). Feeding the EFAD diet to lactating animals induced marked changes in the total milk lipid FA composition already after the first week of lactation; the levels of SFA were increased up to 75-78%, and the levels of PUFA were decreased to 5%, whereas the concentrations of MUFA were unchanged. Starting at wk 1 the contents of linoleic 18:2(n-6), ␥-linolenic 18:3(n-6), eicosadienoic 20:2(n-6), arachidonic 20:4(n-6), and ␣-linolenic 18:3(n-3) acids were significantly decreased, with a compensatory rise in the levels of saturated lauric 12:0, myristic 14:0, palmitic 16:0, and stearic 18:0 acids and palmitoleic 16:1(n-7) acid. The USI was decreased four times in the EFAD group compared with the control group. Feeding the EFAD diet resulted in further changes of the FA composition of milk total lipids after 3 wk of lactation (Table 2) . Moreover, at this time the 22:6(n-3) FA levels were significantly decreased along with an accumulation of mead acid 20:3(n-9) in the EFAD group compared with the control pups. USI was six times lower in the EFAD group compared with the control animals. There were significant changes in the EFA composition in the sera of pups of the EFAD group at 3 wk of age compared with the control group. The ratio of 20:3(n-9) to 20:4(n-6) in the EFAD group was 1.1 Ϯ 0.5 compared with 0.0 Ϯ 0.0 in the control group. The deficiency was also expressed in an increased 18:1/18:2 ratio, being 3.2 Ϯ 1.3 in the EFAD group compared with 0.2 Ϯ 0.0 in the control group (Table 3) .
Body weight, length, and adipose tissue weight. The mean body weight and length of the pups receiving the EFAD diet did not differ from those of the control pups at 1 and 2 wk of age, but were significantly reduced compared with the control pups before weaning at 3 wk of age ( Table  4 ). The weight of s.c. (inguinal) WAT of the pups gradually increased with age, but was significantly (p Ͻ 0.05) lower during the suckling period in pups from the EFAD dams. The weight of the inguinal WAT relative to body weight was significantly lower among the EFAD pups compared with the control pups at 1-2 wk of age, but was similar at 3 wk of age (Table 4) .
There were no differences in mean body weight between control and EFAD dams (271 Ϯ 31 versus 296 Ϯ 21 g at 1 wk and 284 Ϯ 26 versus 306 Ϯ 28 g at 3 wk of lactation, respectively).
Leptin levels in serum and milk. Feeding dams with the EFAD diet affected the serum leptin levels in the suckling pups already from the first week of suckling and up to weaning. The serum leptin concentrations in the control pups during this period were significantly higher than those in the EFAD group (Table 4) . The milk leptin levels in the lactating dams fed the control diet decreased significantly from 3.2 Ϯ 1.1 ng/mL at 1 wk of lactation to 2.0 Ϯ 0.3 ng/mL just before weaning (p Ͻ 0.05; Fig. 1 ). Dams receiving the EFAD diet showed a significant increase in milk leptin levels, from 2.4 Ϯ 0.3 ng/mL in the first week to 3.6 Ϯ 0.9 ng/mL in the third week of lactation (p Ͻ 0.05). As a result, milk leptin levels did not differ significantly between the control and the EFAD groups at 1 wk of lactation, but at 3 wk of lactation the dams fed the EFAD diet had higher milk leptin levels compared with control dams (p Ͻ 0.05).
Leptin mRNA expression in adipose tissue. Leptin expression in inguinal adipose tissue was detected as a 244-bp band. The identity of the PCR product was verified by restriction enzyme digestion with AgeI, which gave the expected pattern of two bands at 140 bp and 104 bp (data not shown). The leptin mRNA expression in the inguinal WAT of pups from the EFAD dams was similar to that of the control pups at 1 wk of age (Fig. 2) . At 3 wk of age, however, the levels of the leptin mRNA were significantly lower in the WAT of pups receiving the EFAD diet compared with those in the control group.
DISCUSSION
Our study showed that maternal dietary deficiency of EFA lead to reduced growth of adipose tissue, lowered inguinal WAT leptin mRNA expression, and lowered serum leptin levels in suckling pups. We also observed that maternal dietary EFAD was associated with an increase of milk leptin levels and a concomitant reduced growth rate of their pups.
Total milk lipids of the lactating control rats contained relatively high levels of SFA and the LCPUFAs, 20:4(n-6) and 22:6(n-3), and did not reflect the FA composition of their diet. The type of dietary fat is known to determine the FA composition of milk lipids both directly (23) and indirectly, by influencing de novo synthesis of FA within the mammary gland or other tissues (24) and also by mobilization of lipids from adipose tissue stores (25) . Recent studies have shown that 30% of milk EFA are derived directly from the maternal diet whereas the major part of milk EFA are derived from maternal tissues (26) . Because the EFAD-fed dams did not receive an adequate amount of EFA from their diet, they produced milk depleted in EFA and enriched in medium-chain SFA already at the first week of lactation. There was a pronounced reduction of PUFA levels in the milk lipids from lactating EFAD-fed rats after 3 wk of lactation. This subsequently influenced the EFA composition of the serum PL in the pups, decreasing the EFA levels at the third week of age. The pups suckling dams fed the EFAD diet had suppressed serum leptin levels during the whole suckling period compared with the control pups.
It is generally accepted that plasma leptin levels correlate with adipose tissue mass in adult rodents (27) . However, such factors as high-fat diet and dietary PUFA may influence circulating leptin concentrations by a mechanism unrelated to changes in adipose tissue mass (15, 28) . Less is known about regulation of plasma leptin levels in very young animals. Plasma leptin levels in rodent pups change independently of fat (8, 29) and might also be influenced by leptin content in breast milk (19) .
At present, the role of milk-derived leptin in pups is not clear. Milk leptin originates both from the maternal blood stream (19) and from local production and secretion by the mammary gland (11) . Oral administration of recombinant human leptin mixed in milk to suckling rat pups led to a timedependent increase of human leptin in the serum (19) . Thus, the amount of transferred leptin via milk may induce changes in the leptin levels of the offspring. It is possible that the significantly lower serum leptin levels in the EFAD pups could be caused by a lowered leptin content in the milk. Leptin levels were increased from wk 1 to wk 3 in the milk of the EFAD dams but decreased in the control dams. Consequently, at the third week of lactation, leptin levels in the milk obtained from EFAD-fed dams were significantly higher compared with control dams. Thus, milk leptin was increased whereas serum leptin was decreased in the pups of the dams fed the EFAD diet. Thus it is reasonable to assume that reported serum leptin levels did not reflect a contribution from breast milk but reflected adipose production of leptin. In addition, we have previously shown that dams receiving the EFAD diet had decreased serum leptin levels compared with control dams (18) . It therefore seems that dietary FA might affect leptin production differently in mammary epithelial cells compared with adipocytes in lactating rats.
Inguinal adipose tissue is the major fat depot and the main source of serum leptin in rat pups during the suckling period (8) . The inguinal WAT depots were well developed in pups suckling the control dams. Feeding the EFAD diet resulted in lower body weight, lower inguinal WAT mass, and low serum leptin levels. Those variables could be affected by a decrease in caloric intake caused by changes either in feeding frequency or amount of consumed milk. However, 
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both caloric intake and metabolic rate of suckling pups are hard to evaluate with precision. We indirectly evaluated whether caloric intake was different between pups from the two diet groups. All dams were fed ad libitum, there were no differences in body weight during lactation between the groups, and the number of pups per litter was equal in both diet groups. Furthermore, there were no differences in serum glucose and corticosterone levels in the rat pups from the two diet groups (18) , which reflects the nutritional status in suckling rat pups (30) . In addition, rat pups that are handreared with artificial milk deficient in EFA have lower body weight compared with control pups receiving the same amount of milk sufficient in EFA, despite equal caloric intake (31) . This suggests that the FA composition of milk per se could be responsible for the changes in body weight and fat deposition in the EFAD pups. Adipose tissue growth in the suckling rat is determined by both an initial adipocyte hypertrophy and by a later increase in fat cell numbers (23) . We observed that lowered serum leptin levels in suckling EFAD pups were related to reduced growth of adipose tissue that might reflect a decrease in adipocyte cell size or number. We found no differences in leptin mRNA levels in the WAT of the EFAD and control pups at wk 1. At the third week of age, besides reduced WAT mass, leptin mRNA expression was suppressed in the WAT from EFAD pups. This might reflect down-regulation of the leptin gene.
Deficiency of EFA leads to growth retardation both in animals and humans, and a correlation between LCPUFA status and early growth has been reported (32) . During early life a growth-promoting effect of LCPUFA may be related to its structural function in membrane lipids or to its role as an eicosanoid precursors (32) . However, the growth-promoting effect of LCPUFA might be associated with its role in leptin production. Leptin also has been shown to act as a growth factor and to increase proliferation and differentiation in various tissues in vivo and in vitro (33, 34) , promote angiogenesis (35) , and affect bone mineralization (36) . It is possible that the effect on body weight and length of the EFAD pups that was observed during the third week could be related both to the decreased levels of LCPUFA and the decreased levels of leptin.
There is increasing evidence that prenatal and postnatal nutrition may modulate early development and program adult diseases in mammals, but the related mechanisms remain to be defined. In the early postnatal period, leptin plays an important role in the regulation of development and function of the neuroendocrine axis (29) , and leptin deficiency during this sensitive period might have permanent effects on later health. Both EFA deficiency (37) and low leptin levels (38) have been shown to be associated with reduced growth in early life in humans. Our data, showing that an adequate intake of EFA during the perinatal period is important for maintenance of circulating leptin levels, might be relevant also in human neonates. Variation in the dietary intake of EFA during pregnancy and lactation might program the development and later health via leptin-associated mechanisms.
